We have tested the mechanical properties of isolated canine pericardium at 37°C in Hanks' solution, and compared those results with similar tests on tissue at room temperature, both in Hanks' solution and merely kept moist with saline. Pericardium, which is nearly isotropic due to the layers of collagen aligned in different directions, is a composite material made up of collagen and elastin fibers in a viscous ground substance matrix. Rapidly applied loads result in a stress-strain response similar to the previous in vivo pressure-volume curves. Slowly applied loads produce an accommodatioii effect as fiber geometry rearranges through the viscous ground substance. Plasticity of the pericardium, long accepted as fact, is not present An accommodation effect is produced instead by shifts in the stress-strain curve due to cyclic loading, stress relaxation, and creep. The slow time course of the accommodation effect is responsible for the differences in hemodynamic effect between an acute and a chronic pericardial effusion. The mechanical properties of the pericardium are due primarily to collagen, which establishes the high ultimate tensile strength and high final slope of the stress-strain curves. The initial extensible portion of the stress-strain curve probably is due to initial rearrangement of collagen fiber weave under stress. Temperature dependence and previous digestion studies indicate a major role for elastin in determining the stress-strain response and limits to stress relaxation and creep. Thixotropy of the ground substance matrix may produce rate Independence In rapid filling of the pericardial sac Circ Res 49: 1981 
SINCE Barnard first examined the mechanical function of the pericardium in 1898, the understanding of the role of the pericardium in the function of the cardiovascular system has undergone numerous modifications. Although its role in positioning and isolating the heart in the thorax has not been in dispute, conflicting experimental evidence has prevented a clear concept of its hemodynamic function from being proposed (see review by Holt, 1970) .
Most of the functions ascribed to the pericardium are mechanical in nature. These include the prevention of excessive dilation of heart chambers (Bartle and Hermann, 1967; Brecher and Gilbert, 1971) , the limitation of ventricular stroke work in the case of outflow obstruction (Berglund et al., 1955) , the coupling of left and right ventricular pressures (especially in volume overload), the prevention of atrioventricular regurgitation with high ventricular enddiastolic pressures (Bartle et al., 1968) , and the prevention of hypertrophy in strenuous exercise (Ruckebusch et al., 1962) . Most of these functions have been assessed by using volume and/or pres-sure overload in animals with the pericardium intact or removed. From these studies, it appears that the pericardium influences ventricular pressure-volume relations even at normal end-diastolic pressures, and that the ventricle must be viewed as a composite of pericardium and myocardium to allow a clear understanding of pressure-volume relations (Berglund et al., 1955; Spotnitz and Kaiser, 1971; Ross, 1979) . In addition, Glantz et al. (1978) have recently demonstrated that the pericardium acts as a mechanical mediator of the volume relations between the two ventricles.
Within the intrapericardial space, the pressurevolume relations are determined by both the tensile properties of the pericardium and the compressive properties of the myocardium. Pressure-volume studies of this space and of the pericardium alone have shown that small volumes of fluid may be infused with little or no change in the intrapericardial pressure, but additional amounts of fluid can result in a dramatic rise in pressure (Nelemans, 1940; Holt et al., 1960) . Normally, a small amount of fluid is present between the pericardium and the heart, but excessive amounts of rapidly accumulating fluid can produce external loading with the subsequent hemodynamic changes termed cardiac tamponade (see reviews by Spodick, 1967; Fowler, 1978; and Shabetai et al., 1979) .
Although rapid fluid accumulation is potentially lethal, chronic effusions can be extremely large without producing hemodynamic embarrassment. Clearly, the pericardium must have the ability to relax and accommodate a slow accumulation of fluid. Evans et al. (1950) noticed that, if fluid is infused to produce a certain degree of tamponade and then withdrawn, more fluid would have to be reinfused to produce the same level of symptoms. Similar accommodation was noted by Nelemans (1940) in his studies of isolated pericardial sacs. Such relaxation is not well explained by our present understanding of the mechanical properties of pericardium.
Pericardium is a composite material composed of collagen and elastin fibers embedded in a weak ground substance matrix. These fibers are arranged in three layers in humans with each layer aligned in a direction different from the adjacent layers (Elias and Boyd, 1960; Ishihara et al., 1980) . The tissue behaves as a viscoelastic material under stress due to the free rearrangement of the fibers, with the viscous fluid matrix percolating around and through the bundles. The ability of the pericardium to accommodate larger volumes without excess pressure must in some fashion result from this viscoelasticity. Thus, an examination of both viscous and elastic properties of pericardium is necessary to fully characterize its mechanical properties.
A number of previous studies have assumed the tissue to be elastic rather than viscoelastic (Barnard, 1898; Wallraff, 1937; Nelemans, 1940; Hildebrandt et al., 1969; Vito, 1979) . Only Rabkin et al. (1974) examined the viscoelastic properties of hysteresis and stress relaxation. Their results supported Nelemans' observation that permanent, "plastic" deformation of the tissue was possible after loading, and showed a potential limit to stress relaxation. However, those studies were conducted at room temperature with moist canine tissue. In this study, we set out to examine extensively the viscoelastic properties of canine pericardium, both in physiological Hanks' solution at body temperature and in environments similar to those used by previous workers.
Methods
Seventy-six samples of parietal pericardium were obtained from 19 healthy mongrel dogs of body weight 15-43 kg, either prior to unrelated surgical experiments or at the time of other experiments. In either case, the animals were anesthetized with sodium pentobarbitol (30 mg/kg, iv) and, in the latter case, were killed by an overdose of the same. The pericardial samples were rectangular in shape and located anterior to the phrenic nerve with the animal supine. The 5-by 3-cm size of the samples was such that the entire sample lay over the ventricular surface of the heart (Fig. 1) .
The samples were placed in Hanks' solution (pH 7.4, 310 mOsmol), a balanced electrolyte saline, at room temperature (Burton, 1975 Miller et al. (1964). LJk.D.left anterior descending. used Hanks' as a wash solution for scanning electron microscopy of soft tissue with good results (Watters and Buck, 1971) .
Each sample was cut on a cork cutting board, with a scalpel and straight edge into strips 3 by 0.7 cm. The strips were divided into two groups: (1) vertical strips, parallel to the axis of the phrenic nerve (base-to-apex); and (2) horizontal strips, perpendicular to the axis of the phrenic nerve (circumferential). The vertical strips were taken from the lower three-fifths of the sample and the horizontal strips from the upper two-fifths. Sections of pericardium with adherent fat were not used. All strips were tested within 8 hours of removal from the animal.
The pericardial strips were mounted in screwtightened brass grips lined with no. 280 waterproof sandpaper. The sandpaper prevented specimen slippage and sample damage at grip edges. The pericardium was mounted with a gauge length of 1 cm, and 1 cm of tissue projected free from one grip. A short gauge length was used because of the variation in fiber orientation described by Elias and Boyd (1960) in the human pericardial sac. The projecting end of the sample was used for micrometer measurement of tissue thickness. With practice, micrometer thickness values gave good agreement (maximum error = ±3%) with weight per unit length methods (Ellis, 1969) and with a nonrotating Starrett thickness gauge. The micrometer was used for ease in tissue handling during the experiments. It was necessary to take the thickness value when the first evidence of tissue compression occurred.
Mechanical testing was done in an Instron Universal Testing Machine (model 1125). The upper specimen grip was attached to a 50-kg load cell mounted in a fixed beam. The load cell gave a voltage proportional to the tension in the tissue, and drove a chart recorder pen at full scale deflections of 100 g to 5 kg. The lower specimen grip was mounted in a temperature-controled tissue bath attached to a movable beam (crosshead). This beam could be programmed to move at several fixed speeds toward and away from the fixed beam, thus extending the tissue sample and returning it to its original length. A second chart recorder pen was driven by an extensometer which produced a voltage proportional to the deflection of the crosshead, and hence the change in length of the sample.
The tissue samples were tested in three environments: (1) in Hanks' solution at 37°C; (2) in Hanks' solution at ambient room temperature (average 24°C); and (3) in air at room temperature with the tissue kept moist with Hanks' solution. Any particular strip was tested in only one test environment.
Each strip, once mounted, was placed under an initial load of 10 g, and the grips were aligned to ensure that no bending stresses were placed on the tissue. Zero extension was taken to be that point at which a detectable stress occurred. The tissue and grips were photographed with a camera equipped with a 55-mm Micro lens. The tissue was then "preconditioned" by cycling the load between 0 and 16 or 500 g (maximum stress = 2.3 X 10 6 or 7.1 X 10 7 dynes/cm 2 ) at the highest crosshead speed to be used in the experiments on that specimen. The maximum load of 16 or 500 g compares to a 70-g equivalent load used by Vito (1979) and 1120-g equivalent load used by Rabkin et al. (1974) when normalized to our sample size. Whereas Vito used only 3-5 cycles for preconditioning, we continued cycling until a stable load vs. elongation curve resulted on successive cycles. The chart recorder reversed with crosshead direction so that successive curves were superimposed on the same x-y axes.
Preconditioning was used: (1) to simulate the actual condition of the in vivo tissue which is subjected to cyclic stresses during the cardiac cycle and (2) to facilitate reproducibility of results. Tissue samples of 1-cm gauge length would not precondition to a stable response if they were less than 0.5 cm in width. Thus, for a pericardial strip of 1-cm length, a minimum width of 0.5 cm was necessary to retain the integrity of the geometry of the tissue fibers during testing. This integrity was demonstrated by a stable tissue response after preconditioning. We chose 0.7 cm as a suitable sample width for our studies.
Purely elastic materials store stress energy during loading and return it completely on unloading. A viscoelastic tissue like pericardium would, by contrast, be expected to display phase lag of strain behind stress and variations in stress-strain curve shape with changing strain rate during dynamic tests. In static tests one would expect to see stress relaxation (decay of force at constant extension) and creep (increase in length under constant force). We studied four features of viscoelasticity in canine pericardium: (1) Stress relaxation: Preconditioned tissue was extended to give loads of 250 or 500 g. The movable crosshead was stopped and the load from the tissue recorded as a function of time.
(2) Creep: Preconditioned tissue was again extended to give a load of 250 or 500 g. When the load from the tissue fell to 99% of its original value, the testing machine extended the tissue until the load was restored. The increasing length of the tissue was recorded as a function of time.
(3) Strain rate: Preconditioned tissue was extended to the same maximum load (500 g) at strain rates between 5%/ min and 500%/min in order of decreasing magnitude, and the load vs. elongation curves were recorded. (4) Fracture: Preconditioned tissue, after one of tests 1-3, was extended at a rate of 100%/ min to fracture, and the load vs. elongation curve was recorded.
All data are expressed as the mean ± SEM. Data grouped by test environment and strip orientation were compared by analysis of variance with multiple comparisons. In each case the appropriate Q parameter was calculated (Armitage, 1971) .
Analysis
Composite materials such as pericardium present unusual problems in analysis of data from mechanical tests. First, the material is not homogeneous. It is composed of strong fibers in a weak matrix, and the arrangement of these fibers determines the dependence of the mechanical properties on strip orientation (Abrahams, 1973; Paton et al., 1973) . Furthermore, the size of the sample for testing should be small enough to allow a nearly uniform orientation of fibers in the sample, yet large enough to retain normal fiber geometry in soft tissue samples. In this respect, we chose a sample length of 1 cm on the basis of histological considerations, and chose a sample width of 0.7 cm on the basis of preconditioning behavior.
Second, stress is not uniformly distributed within composite materials but is preferentially distributed to the stronger component (in this case, the collagen fibers). This condition is complicated by the low aspect ratio (1.0:0.7) forced upon us by the preconditioned tests, which must also produce nonuniform distribution of stress from fiber to fiber. In keeping with normal engineering practice, we have expressed our data in terms of average stress calculated over the entire cross-section of the sample. The effect of the above considerations cannot be easily evaluated, but the analysis carried out seemed the only practical one for this pericardial tissue.
The stress (a) in the tissue was defined as the force (F) on the tissue divided by the cross-sectional area (A) of the tissue:
The force (F) is the load in grams on the tissue times the acceleration due to gravity (g). The initial VOL. 49, No. 2, AUGUST 1981 cross-sectional area of the pericardia! strips (Ao) is the product of the strip width and strip thickness. The average sample width was calculated from traveling microscope measurements of enlarged photographs of the samples. The specimen width was multiplied by the micrometer value of thickness. The stress in the sample was calculated assuming that, when the pericardial tissue is stretched, the volume of the tissue is unchanged (Fung, 1972) . Thus:
where L is the length of the strip after application of force F and Lo is the initial length of the strip sample.
The strain (e) of the sample is the percentage increase in length of the strip: e = (AL/LJ x 100.
(3)
Stress-strain curves were obtained from load-elongation curves with a Hewlett Packard 9830 calculator equipped with a model 9864A digitizer and 9862A plotter. The value of Lo was obtained from enlargements of the sample photographs by a method similar to that used to measure sample width.
To indicate stiffness at a given stress (strain), the instantaneous slope da/de, of the stress-strain curve was plotted against stress (strain) for tissue before preconditioning and after preconditioning. This slope was termed the dynamic modulus, and was calculated as first differences of digitized stressstrain data.
The stresses to be expected in the normal canine pericardium were estimated from the law of Laplace for a thin-walled spherical sac model:
where a is the stress in the wall, P is the transmural pressure, r is the sac radius, and s is the wall thickness. Transmural pressure is the difference between the intrapericardial pressure and the intrapleural pressure. Holt et al. (1960) have shown intrapericardial pressure (P P ) to follow the ventricular pressure (P v ) during end-diastole in openchested dogs according to the relation P p = 0.85 P v -0.4. The pressures were in mm Hg and covered a range of ventricular end-diastolic pressure of -5 to 50 mm Hg. If we assume an intrapleural space pressure of -6 mm Hg, we should consider a range of transmural pressures from 0 to 48 mm Hg. By use of equation 4 and a model radius (r) of 4 cm, this corresponds to a range of stress from 0 to 1.3 x 10 7 dynes/cm 2 . The physiological range of stress was taken to be from 0 to 4 X 10 s dynes/cms 2 (0 to 9 mm Hg ventricular end-diastolic pressure).
Plots of stiffness (d<x/de) vs. stress (a) in the physiological range of stress (maximum stress = 4 x 10 6 dynes/cm 2 ) were analyzed by the method of least squares for the line of best fit. The data were weighted according to stress to preferentially fit the physiological region of the curve. The equation of the line is:
where y is the intercept on the da/de axis and /? is the slope of the line. This equation has 2 solutions:
The parameters fi and y were obtained from the regression analysis, while the integration constants C and C were obtained from the original stressstrain curves.
To indicate the effect of preconditioning, the work done per unit volume in loading (area under stress-strain curve) and the hysteresis (percentage difference in work between loading and unloading curves) were plotted against cycle number during preconditioning.
For stress relaxation tests, the ratio of the stress at a time t, a(t), to the original stress in the tissue, Oo, was plotted against time. This normalizing process was adopted in order to compare stress relaxation at different initial loads and in different test environments. In the same way, for creep experiments, the ratio of the extension of a sample, ALe(t), to the length at the beginning of the creep experiments, Leo, was plotted against time. Each of these ratios was expressed as a percentage.
Four parameters were calculated to show differences in the response of the load-bearing fiber of the tissue in different test environments. These were calculated from the fracture data.
1. Tissue modulus: The slope of the linear portion of the stress-strain curve (see Results) was calculated and converted to dynes/cm 2 . This parameter indicates the stiffness of the tissue at high stress.
2. Ultimate tensile strength: The ultimate tensile strength of the tissue (UTS) was calculated as:
These values were also expressed in units of dynes/ cm 2 and represent the stress needed to fracture a tissue sample.
3. Resilience: This parameter is the work done per unit volume on the tissue before fracture and is the area under the stress-strain curve to fracture. This was calculated in dynes/cm 2 which is equivalent to dyne cm/cm 1 .
4. Strain at fracture: This parameter is the percentage extension of the tissue when fracture occurs.
Results
The canine pericardium was nearly transparent in the animal. When cut, the pericardium contracted, on average, by 10% in the circumferential direction and 8% in the base-to-apex direction. If left exposed to air, the pericardium dried and stiffened very quickly due to its thinness (0.14 ± 0.01 mm) and consequently high surface: volume ratio. As a result, in-solution dissection and mounting of the tissue was necessary.
Effect of Preconditioning
The mounted tissue, when first elongated to a load of 500 g, showed a shallow, nonlinear stressstrain response at low strain values. At higher strain values, the slope of the curve increased sharply to a steep, constant slope (linear portion of Fig. 2 ). On subsequent "unloading and loading cycles (preconditioning), the stress-strain curve shifted to the right and changed shape (Fig. 3) . The slope of the stress-strain curve (do/de), which we have termed the dynamic modulus, was greatly reduced at low strain values. This change is shown in Figure 4 for strains in the range of 0-10%. At high strain values, the slope of the linear portion of the curve changed by no more than 1%. The slope of the stress-strain curve is indicative of the stiffness of the material at any given strain. Thus, the stiffness of the material at a given strain was reduced for low strains but relatively unaffected for large strains (Fig. 4) .
Plots of the dynamic modulus (da/de) against a were Linear for stresses from 0 to 4 x 10 8 dynes/cm 2 (r > 0.99). The lines of best fit are shown in Figure  5a for a typical vertical strip at 37°C. The stressstrain curves before preconditioning could not be described by a simple exponential because the stiffness-stress plot in Figure 5a had a nonzero intercept on the stiffness or dynamic modulus axis. These stress-strain curves were described by Equation 7 instead. On the other hand, stress-strain curves after preconditioning, and even after stress relaxation experiments, could be described by simple exponentials in the form of Equation 6. Figure 5b shows computer-generated fits of stress-strain 10 STRAIN ("/.) Shifts in stress-strain response due to preconditioning, stress relaxation, and creep. A typical vertical strip, after preconditioning to a stress of 5 X Iff dynes/cm 1 (a), has a stress-strain response shifted to higher strain than that before preconditioning. Stress relaxation at an initial stress of 5 X 10 1 dynes/cm 2 for 1000 seconds produces a further shift, b schematically shows that this latter shift may be produced by stress relaxation (decay of stress at constant strain) or creep (increase in strain with constant stress). SR = stress relaxation; CR = creep. curves calculated from Equations 6 and 7. The nonzero stiffness intercept of the samples before preconditioning is reflected in the nonzero stress at zero strain for the fit, compared to zero stress at zero strain for the actual data. This failure of the curve to fit was partly due to stress weighting of the regression data, resulting in a good fit to the most physiological portion of the curve.
The parameter (i was found to be 92.67 ± 0.01 before preconditioning, 66.58 ± 0.01 after precon- VOL. 49, No. 2, AUGUST 1981 PRESSURE(mmHg) 5 10
Effect of preconditioning on the dynamic modulus. The slope of the stress-strain curve (do/de), or dynamic modulus, is plotted against strain and equivalent intrapericardial pressure from a 4-cmradius spherical heart model. ditioning, and 62.07 ± 0.01 after stress relaxation for the sample in Figure 5 . The lower the value of P, the more slowly the stress in the sample rose with increasing strain. The regression analysis for each sample showed these values to be significantly different with P < 0.01; however, in groups at 37°C, vertical and horizontal strips shared a common average value of R of 65.22 ± 0.58 after preconditioning. The parameter C remained constant for samples after preconditioning and after stress relaxation; the sample in Figure 5 had a C value of 4.39 X 10 4 dynes/cm 2 . Once again, vertical and horizontal strips did not have grouped C values which were significantly different, the mean being 4.35 ± 0.44 X lO 4 dynes/cm 2 .
Although the slope at low strain values fell during the course of preconditioning, no permanent deformation of the sample occurred. Although recordings made with a large full scale deflection on the chart recorder indicated that this was not the case, adjusting the recorder to a more sensitive range confirmed that the intercept on the strain axis was always at 0% strain. When the tissue was extended to fracture, the slope of the stress-strain curve decreased at high strain levels prior to fracture ( Figure  2 ). When the sample was taken into this region and unloaded, permanent deformation (lengthening) occurred. This plastic region preceded fracture of the sample at extreme loads and represented the only evidence of permanent deformation of the tissue.
The number of cycles required to achieve a re-producible stress-strain response during preconditioning to a 500-g load was 20-30 for vertical (baseto-apex) strips and 35-45 for horizontal (circumferential) strips. From the estimations of wall stress in the pericardium (see Analysis), we see that a load of 500 g (stress = 7.1 X 10 7 dynes/cm 2 ) represents a preconditioning load which is unrealistically high for the in vivo tissue. Vertical strips which were preconditioned to a load of only 16 g (stress = 2.3 x 10 R dynes/cm 2 ) took 35-50 cycles to give reproducible stress-strain curves. The stress-strain curve for such a sample is shown in Figure 6 . After stabilization, the sample was then recycled to a maximum load of 500 g. As can be seen from Figure 6 , _ _ _ _ _ 9 1 1 2 3 6 STRAIN ("/"; FIGURE 5 A: lines of best fit to plots of dynamic modulus (slope of the stress-strain curve) versus stress for a typical vertical strip. Lines are shown for stress-strain information before preconditioning (PC), after preconditioning, and after a 1000-second stress relaxation (SR) experiment. In each case, the regression coefficient r 3:
Tests done at 37°C in Hanks' solution. B: computer fits to stress-strain curves from the same sample as in A. Circles are computer-generated points from Equation 7 [before preconditioning (PC)] and Equation 6
[after preconditioning and after stress relaxation (SR)]. The maximum value of stress and strain were used in each case to calculate C or C. The nonzero stress axis intercept for the curve before PC reflects the nonzero intercept of the line of best fit in A. Effect of preconditioning to maximum loads of 16 and 500 g The stress-strain curves to 160-g load are presented for (1) a vertical strip cycled to 16-g maximum load and (2) the same tissue then cycled to 500-g maximum load.
the cycling to higher load produced small changes in the response at low strain (less than 7%). These changes were not statistically separable from sample-to-sample scatter and were not considered important. Figure 7 illustrates the effect of preconditioning on the work (energy) relations of the canine pericardium. The area under the stress-strain curve is the work done per unit volume to extend the tissue to a given stress or strain. The work done to extend the tissue to a constant load [W(CD] of 16 g remained constant. This was due to the fact that, whereas the curve was shifted to higher strains during preconditioning, the shape of the curve was not grossly altered (see Fig. 3 ). Any change in work done between first and last cycles could not be separated from data scatter. However, the shift did reduce the work done in order to reach the same initial extension or strain of the sample. Thus, in Figure 7 , the work at constant extension [W(CE)] decreased and reached a constant value after about 35 cycles. Hysteresis, which represents the energy loss between loading and unloading curves, decreased from 18% on initial loading to a stable value of 7.9%.
Fracture
The fracturing of a sample was a tearing or shredding process, but the stress-strain curve showed a sudden, precipitous drop in stress at the time of fracture. The location of the fracture was unpredictable, showing no tendency to fracture at the grips.
The general shape of the preconditioning and the fracture responses noted above was independent of the environment used in the testing of the tissue strips; however, the numerical values obtained for the four fracture parameters (tissue modulus, UTS, resilience, and strain at fracture) varied considerably with test environment. Since these parameters are indicative of the mechanical properties of the load-bearing structures in the tissue, they have been used as indicators of the effect of test environment on these structures. Mean values were compared, using an analysis of variance for comparison of several means, by calculating the appropriate Q values (Armitage, 1971) . The results are summarized for vertical strips in Table 1 .
Tissue modulus and UTS were reduced by lowering the test temperature from 37°C in Hanks' solution. Resilience was increased in any type of test at room temperature over that at 37°C. The strain at fracture was unaffected in Hanks' solution by changing the temperature; however, this parameter was significantly increased by doing the tests with moist tissue. These results were confirmed in tests with horizontal strips, except that the UTS of strips tested at room temperature in Hanks' solution did not differ from those tested at 37°C VOL. 49, No. 2, AUGUST 1981 
Stress Relaxation and Creep
Stress relaxation tests were run on each type of strip in each test environment for at least 1000 seconds (>16 min). In a few cases, strips were run at 37 °C in Hanks' solution for up to 4 hours. In all cases, stress relaxation continued to occur for as long as the test lasted. At body temperature, the amount of stress remaining in the tissue did not therefore appear to approach an asymptotic value. Figures 8 and 9 show the fraction of stress remaining [<r(t)/<j o ] in vertical strips as a function of time and test environment. The stress relaxation occurred quickly at first and then more slowly as time progressed (Figure 8 ). On a log (t) abscissa (Figure 9 ) we see that the relaxation continued even at long times compared to the cardiac period. In these experiments, the initial stress on the tissue was 5 X 10 7 dynes/cm 2 .
The greatest relaxation was observed in Hanks' solution at 37 °C. Room temperature reduced the stress relaxation observed (significant for time > 8 3econds). Moist tissue relaxed more than the body temperaature tissue (significant for time > 8 seconds); however, its behavior was strongly dependent on the degree to which it was wetted. When an interval of 10 minutes was allowed between wettings, the stress in the tissue actually ceased to fall, and eventually began to climb as the tissue dried. Reduction of the initial stress in the tissues to 3 x 10 7 dynes/cm 2 produced no difference in the fractional decay of stress up to 20 seconds, but resulted in a final fraction of only 0.825 ± 0.005 to 1000 seconds. This compares to 0.849 ± 0.005 at the same time for the higher initial stress value. Thus, stress relaxation is somewhat stress dependent over relaxation periods from 20 to 100 seconds.
Creep experiments were performed only in Hanks' solution at 37°C and at room temperature. Effect of test environment on stress relaxation of vertical strips. Initial stress is 5 X 1O 1 dynes/cm 2 . % stress remaining = a(t)/a a T = temperature. Differences significant (Q-test) for time > 8 seconds with P < 0.05. N = 7 (37°C), 5 (room), and 6 (moist); Mean ± SEM. Figure 10 shows the behavior of vertical strips at the two temperatures. Once again, the greatest percentage creep [ALcW/Lc] occurred in the strips tested at body temperature (significant for time > 8 seconds). The amount of creep seen over the course of 100 seconds was 0.7%, indicating that the tissue did not creep quickly; however, the curve shape was similar to that for stress relaxation (Fig.  9) , and there was no evidence of an asymptotic limit. Differences in the amount of creep or stress relaxation due to test environment were not discernable for experimental periods of less than 8 seconds. Figure 3 shows that both creep and stress relaxation caused the tissue to move to a new stress- strain curve, away from the preconditioned tissue curve. Stress-strain relations in the pericardium, then, were characterized by a family of curves with a common shape and a common slope for the terminal linear portion of the curve. The preconditioned tissue assumed a stress-strain curve whose shape was determined, to a small degree, by the maximum load used during preconditioning (Fig.  6) .
Effect of Strain Rate
The stress-strain curves for canine pericardium were independent of strain rate for rates from 5%/ min to 500%/min. This observation was easily obtained from experimental data, since programming on the chart recorder allowed subsequent curves to be superimposed on previous ones. Table 2 shows the effect of strip orientation on the fracture properties of canine pericardium. The tissue modulus and UTS were both significantly higher for vertical strips over horizontal strips. These values were once again compared by analysis of variance (Armitage, 1971) . Stress relaxation and creep differences between strips of different orientation were not significant in any test environment; hysteresis was also independent of strip orientation. As stated above, the stress-strain curve fit at physiological stress was also independent of strip direction.
Effect of Strip Orientation

Discussion
Pericardial tissue behaves as a viscoelastic composite material, and the results of mechanical testing must be understood from this viewpoint. The strong collagen and relatively weak elastic fibers, as well as the viscous ground substance matrix, play interrelated roles in determining the dependence of mechanical function on structure. Adequate histological information exists only for the fiber structure of the human pericardium. Wallraff (1937) and Elias and Boyd (1960) have shown that, over the ventricular surface, the collagen is arranged in three layers, each layer aligned at approximately a 60° angle relative to the adjacent layers. If we assume that the canine structure is histologically similar, their data also indicate that fiber direction should be relatively constant over a test dimension of 1 cm in the canine ventricular pericardium. Although we chose our sample length on this basis (to limit region-to-region variation in fiber orientation), we found it necessary to use fairly wide strips to maintain the integrity of the fiber weave. This meant that we were forced to accept greater tissue shear and some nonuniformity of stress distribution in the samples. We calculated average stress and strain values as commonly done in the "primary calculations" for composite materials. Although similar analysis is used with the usual data from Units of Iff dynes/cm' N -7 (37°C), 5 (room), and 6 (moi»t); Mean ± SEM.
" Difference significant with P < 0 05 isotropic, homogeneous materials, experience in testing such a material is an uncertain guide to understanding this tissue (Cox, 1977) . One major problem in interpreting mechanical data on isolated pericardium that has not been considered in the literature is the determination of physiological stress and strain values. We have adopted a preconditioning regimen of cyclic loading from zero stress to a maximum stress of either 7.1 X 10 7 or 2.3 X 10 a dynes/cm 2 . These values bracket the maximum expected physiological stress of 1.3 X 10 7 dynes/cm calculated for a spherical sac model from the law of Laplace. The effect of changing the maximum load was to: (1) increase the number of cycles required to achieve a stable response and (2) alter only slightly the stress-stain curve. We therefore expected our stress-strain information to be comparable to that of Vito (1979) for the first 3-5 cycles. The important difference in our method was in cycling our tissue to a stable response. We believe this to be essential in obtaining a response close to that of the in vivo tissue. Although the pericardium is clearly subject to cyclic loading and unloading during diastole and systole, respectively, the details of this regimen in vivo have not been studied. It may be that the pericardium is not completely unloaded at end-systole. If so, then the effect of an elevated minimum stress will need to be evaluated at a later date.
It is well known (see review by Holt, 1970 ) that increasing volumes of fluid can only be forced into the intrapericardial space with rapidly increasing pressure. Our curve fits to the stress-strain information show that stress (a) is a simple exponential function of strain (e) to a stress of 4 X 10 6 dynes/ cm 2 (intrapericardial pressure = 9 mm Hg; the physiological range). In this range, it must therefore also be true that the stiffness (da/dc) of the sac also increases exponentially with strain. Thus, increasing volumes should meet with rapidly increasing pericardial stiffness and greatly increased pressure requirements. This feature is somewhat complicated by the fact that at a slightly higher stress or strain, the stress-strain curve begins to straighten and displays its final steep linear slope. Figure 4 shows this well defined stiffness elbow which occurs between 7 and 9 mm Hg intrapericardial pressure for our spherical sac model. The elbow in these VOL. 49, No. 2, AUGUST 1981 stress-strain relations is the same elbow which has been demonstrated for intrapericaidial pressurevolume relations. The stiffness of the material past this elbow is so great that, with only diastolic filling pressure available, the pericardial sac cannot extend beyond this point.
The rapidly increasing stiffness of the pericardium with increasing volume must be responsible for the increased coupling action of the pericardium at high end-diastolic volumes and its other volumelimiting functions. Rapid fluid accumulations or rapid cardiac expansions encounter the rapidly increasing stiffness of the pericardium and tamponade ensues. However, if only this stress-strain response is exhibited by the pericardial material, how can we account for the observed accommodation effects in the pericardial sac?
The answer lies in the time course of the volume expansion. The limiting action of the pericardium on ventricular volume is seen only in the case of rapidly accumulating volumes. For slower expansions, the viscoelastic properties of creep and stress relaxation come into play. Figure 3 shows that these processes can readily shift the stress-strain curve of the pericardium, allowing more strain for the same stress, i.e., more volume for the same pressure. Such slow expansions in volume, as in the case of a slowly accumulating effusion, allow time for the rearrangement of the fiber geometry through the viscous ground substance, and no restriction of cardiac filling occurs.
Our experiments failed to reveal a limit to the amount of stress relaxation and creep possible (contrary to the results of Rabkin et al., 1974) , which suggests that large pericardial fluid volumes may indeed be accommodated by this mechanism. We believe that the limit observed by Rabkin et al. (1974) may have been due to slight drying of the sample strips, which produced the same results in our tests with moist strips. The presence of fibroblasts in the tissue (Kluge and Hovig, 1967; Ishihara et al., 1980) may indicate that actual growth is also possible in the accommodation of chronic effusions.
Canine pericardium, therefore, does not possess a single stress-strain response, but a family of responses. The specific stress-strain response depends on the time course of tissue loading, resulting in a limiting action in the case of rapid loading or an accommodation effect with much slower loading. It is important to note that the shifts in the stressstrain response of the pericardium (accommodation) did not involve any permanent deformations. Each curve in Figure 3 showed that the axis intercept was always at zero stress, zero strain. Thus, contrary to previous belief, the pericardium does not display plasticity in order to accommodate larger volumes, but rather does so by shifting its stress-strain response. This is a pleasing concept since it implies that, when an effusion is drained, the result is not a baggy pericardium. Instead, the sac should show a different stress-strain response which will gradually return to normal. Indeed, this recovery of normal stress-strain response, while not discussed here, is observable in isolated strips. The previously reported plasticity of pericardium (Wallraff, 1937; Nelemans, 1940; Rabkin et al., 1974) was again likely due to slight drying of moist samples. Under comparable conditions we were also able to observe permanent lengthening of our tissue strips.
It has been known for some time that the stressstrain and pressure-volume responses of the pericardium have two distinct regions: a low slope, extensible region at low strain and a high slope, relatively inextensible region at high strain.
Whereas the former region is well fitted by an exponential stress-strain relation, the latter region is quite linear. Indeed, attempts to fit both regions with a single analytic expression for stress-strain relations (Rabkin and Hsu, 1975) have required quite complex expressions without satisfactory results. It has been assumed that the shape of the stress-strain curve was due to elongation of elastin at low strain and stiffer collagen at high strain. This hypothesis requires a low but constant slope at low strains. However, the continually changing slopes of the stress-strain curves shown in Figure 5b discount this hypothesis. An alternative hypothesis must be suggested to allow for the exponential shape of the curve at low strains (and the physiological range of stress).
If we examine the fracture data in Table 1 , we see that the relationship:
Tissue modulus = 10 X UTS = 100 X resilience (9) given by Wainwright et al. (1976) for pure collagen is preserved in our tissue data. However, increasing temperature increased the tissue modulus, a response typical of elastin, not of collagen (Apter, 1972) . Curve fits at physiological stress also showed increased stiffness at higher temperature. We suggest that a better working hypothesis is that the low strain portion of the stress-strain curves is due to the rearrangement of collagen geometry under stress. Elastin probably modulates this response by limiting the rearrangement of the collagen geometry. Thus, changing the modulus of the elastin with temperature will affect both the initial exponential rearrangement region of the stress-strain curve and the final region where the rearranged collagen begins to extend. When Rabkin et al. (1974) digested the elastin out of their pericardial samples, they too found changes in the steep portion of the stressstrain curve, with a lowered value for the modulus. As well, selective digestion of elastin increased the final amount of stress relaxation in their samples. If stress relaxation is due, as we believe, to rearrangement of the collagen network under stress, then removal of the elastin should indeed allow more rearrangement and a reduction in the final stress. In our samples, no limit was recorded for relaxation tests over 4 hours. The increase in rate of relaxation which we observed with increased temperature was likely due to reduced ground substance viscosity at the higher temperature.
Histologically, WalLraff (1937) showed that elastin fills the troughs in the collagen structure of human pericardium. Elias and Boyd (1960) confirmed the thorough interlacing of the collagen and elastin, and Ishihara et al. (1980) in their recent and complete study of human pericardium make the interesting observation that the elastic fibers often run perpendicular to the collagen fibers. These observations support the hypothesis that collagen determines the mechanical properties of the pericardium, whereas elastin plays a disproportionately large role (considering its relative strength) by modulating the rearrangement of the collagen structure.
Whereas the structure of the collagen and elastin network determines the mechanical properties of the pericardium, the directional alignment of those fibers determines the directional dependence of those properties. The triple layer structure of human pericardium (Elias and Boyd, 1960) , if common to the canine pericardium, should result in a quasiisotropic material, like similar man-made composite materials with fibers oriented at 60° layer-to-layer angles (Paton et aL, 1973) . Directional variations of tissue modulus and UTS should be limited to maximum differences of about 20-30%. This is indeed the case in our experiments (Table 2) in the limited case of two strips at 90° to each other in one anatomical region. Designs of this kind permit a workable degree of isotropy with less cost in terms of sac thickness and fiber required. The initial exponential portion of the stress-strain curve, which is largely due to changes in fiber weave geometry in viscous fluid, was isotropic, as were the other viscous-dependent properties of stress relaxation, creep, and hysteresis. The pericardium can, therefore, be considered nearly isotropic in its mechanical properties.
Finally, the independence of the stress-strain curves on strain rate (5%/min to 500%/min) is not typical of a simple viscoelastic substance. Increased rate of strain normally implies greater viscous opposition to increasing length; however, in certain materials, increasing strain rate and internal shear rate produces a shear thinning of the material and a lowering of its viscosity. This phenomenon is termed thixotropy (see review by Mewis, 1979) . Thixotropy has been observed in other biological materials such as human skin (Finlay, 1978) and synovial fluid (Sundbland, 1954) , and Rabkin et al. (1974) and Vito (1979) have confirmed the independence of the stress-strain response of the pericardium on strain rate. We have shown that the viscous hysteresis loss fell during preconditioning. Although this may be due, in part, to the squeezing out of residual tissue fluid leaving a more nearly elastic material, it may also be due to shear thinning of the ground substance matrix. Ingels et aL (1971) have shown that epicardial (and consequently pericar-dial) strain rates may reach as high as 6000%/min. Therefore, the notion of rate-independent opposition to rapid filling from the pericardium must be further tested at rates above the maximum capability of our equipment.
We can see, in conclusion, that each component of the composite pericardial material plays several roles in determining the behavior of the sac. The collagen network determines the relative isotropy of the structure, its mechanical strength, and its family of pressure-volume responses. The complimentary elastin network modulates the rearrangement of the collagen network, affecting pressurevolume response and the amount of creep and stress relaxation. The ground substance matrix provides the viscous nature of the mechanical responses, the time dependence of the accommodation effect, and the rate independence of the pressure-volume response to rapid filling.
